Introduction
As an important raw material and energy source in the global industrial economy, petroleum has been playing a key role in promoting the development of the global economy and society (Timilsina 2015) . The international crude oil price has a significant impact on China's national economy and the refined oil price level. Figure 1 depicts the variation of international crude oil and China's refined oil prices with time from 2011 to 2015. The relationship between them deserves to be further explored.
Considering the frequent fluctuation of international oil prices and China's rising dependence on oil imports, more attention has been paid to oil security since it significantly influences the China national economy and public life. However, the China domestic refined oil pricing mechanism is not fully market-oriented and it is subject to direct government control (Liao et al. 2016) . Consequently, there is an urgent need for qualitative and quantitative analysis of the relationship between international crude oil prices and domestic oil prices as well as the feedback mechanism (Zhang and Xie 2016; Broadstock et al. 2012; Du et al. 2010) . As the China domestic refined oil price has been strongly influenced by the fluctuating international oil price, the current pricing mechanism fails to fully reflect the real supply and demand situation and petrochemical enterprise costs. Therefore, more factors that influence oil prices should be taken into consideration comprehensively to improve the oil pricing mechanism, so that oil price can reflect the actual supply and demand structure as well as the enterprise costs. What is more, reformation of the refined oil pricing mechanism can lay a solid foundation for future domestic oil market pricing.
Extant research has focused on detailed analysis of relationships between international oil prices and China domestic oil prices.
It is demonstrated that international oil prices not only affect domestic crude oil prices, but also influence the economy in China (Jiang and Jiang 2005) . There is a longterm stable relationship between China domestic and international crude oil prices in the quantitative analysis of the price variation during the period of January 1997 to December 2004 (Jiao et al. 2004) . Conclusions have been reached that the transmission and feedback mechanism between prices of crude oil and retail refined oil is currently unavailable through an empirical study based on the vector autoregression (VAR) model (Jiang 2013) . Statistical test analysis on international crude oil prices and China domestic refined oil prices was conducted to study their interactions, which indicates that there is a structural lag in the international oil price response under the refined oil pricing mechanism in China, and the refined oil pricing mechanism seldom influences the short-term price information transmission (Wang 2014) . The anti-symmetry of gasoline/diesel to crude oil price fluctuation is investigated with the anti-symmetry VECM (vector error correction model), and the result demonstrates that the response of gasoline/diesel price to an increase in crude oil price is quick and transient, while the response of gasoline/diesel price to a decrease in crude oil price is delayed and hysteretic (Jiao et al. 2006) . It is proposed that the crude oil price is weakly exogenous, its spread is constant in some but not all relationships, and the link between crude oil prices and several refined product prices implies market integration (Asche et al. 2003) . Cross-correlations between crude oil and refined product prices based on the wellknown detrended cross-correlation analysis are shown to be significant and strong. Furthermore, multifractality is also revealed in cross-correlations (Liu and Ma 2014) .
This paper aims to investigate the transmission and feedback mechanisms between international crude oil prices and China's refined oil from January 2011 to November 2015 by using a Granger causality test, the vector autoregression model, an impulse response function and variance decomposition methods. Understanding of volatility transmission mechanisms is significant for the government to make political decisions. Therefore, the paper provides reasonable suggestions for the policy makers.
The paper is structured as follows. It begins with a data description and a brief introduction of the VAR model in Sect. 2, followed by the empirical analysis in Sect. 3. In Sect. 4, we discuss the results in the context of the Chinese situation and draw some conclusions.
Data and econometric methodology 2.1 Data descriptions
This study sets two variables, the international crude oil prices (IC) and China's refined oil prices (RD). We use monthly spot price data of the Brent crude oil price to represent the international crude oil price and average China national monthly retail price of -10# diesel to represent the refined oil price in China. Settings of variables and sources of data are shown in Table 1 (Li and Guo 2013) . Then, according to the monthly exchange rate data published by the International Monetary Fund (http://www.imf.org/external/np/fin/data/ param_rms_mth.aspx), we convert the unit of yuan/tonne into the unit of US dollars/barrel.
On March 26, 2009, China's National Development and Reform Commission issued a new refined oil pricing mechanism. However, due to incomplete implementation that caused the information on China's refined oil price to be absent during the period from March 2009 to December 2010, the sample data in this work cover the period from January 2011 to November 2015. In order to eliminate the influence of seasonal factors in the index sequence, we introduce the X-13 Census method to adjust the two variables to make the sequence more realistic and objective. The quantitative analysis software, Eviews8.0, is used in this study to carry out the analysis.
Vector autoregressive model
Without imposing theoretical restrictions on endogeneity among variables, a vector autoregression procedure is appropriate to establish the dynamics between crude oil prices and exchange rates. These two variables are jointly treated as endogenous and are assumed to have no restrictions on the structural relationships in the present analysis. The VAR is commonly used in systems forecasting interrelated time series and analyzing the dynamic impact of random disturbances on a system of variables. The VAR procedure avoids the need for structural modeling by treating every endogenous variable in the system as a function of lagged values of all of the endogenous variables in the system (Brahmasrene et al. 2014) .
The mathematical representation of a VAR model is:
where y t is an endogenous variable; y t-i (i = 1, 2,…, p) is a lagged exogenous variable; x t-i is an endogenous variable; c t (c 1 , c 2 , c 3 ,…, c t ) T is a constant term; a i and b i are matrices of coefficients to be estimated; u t is a random disturbance term.
3 Empirical analysis 3.1 Stationary tests of international crude price (IC) and local refined crude price (RD)
The vast majority of econometric models require that economic time series should be stationary. Since most economic variables are non-stationary sequences (Gallagher et al. 2015) , it is necessary to implement a stationary test before establishing the model. The standard method of checking sequence stationary is the unit root test (Xu and Lin 2016; Blanco et al. 2013) . Table 2 provides the results of unit root tests based on the augmented Dickey-Fuller (ADF) test methods (Dickey and Fuller 1979) . T-statistics values of IC and RD are greater than the critical value of the 10% test level. Therefore, the test results cannot reject the original hypothesis, which means it is a non-stationary sequence. Then the stationary test of all the variables in the first-order difference is conducted. The augmented Dickey-Fuller (ADF) tests indicate that the null hypothesis of a unit root in the first-order difference can be rejected for all the variables at the 1% significance level (Table 2) . Thus, it can be concluded that all the variables are stationary in the first-order difference and can be conducted with a cointegration test.
Cointegration tests of IC and RD

The optimal lag order analysis
A cointegration test is to examine whether there is a longterm stable relationship between variables (Engle and Granger 1987; Bondia et al. 2016; Ouyang and Lin 2015) . First of all, we need to establish the VAR model of the two variables and conduct the optimal lag order analysis. We choose a lag of 2 as dictated, and there are five evaluation criteria, namely likelihood ratio test (LR), final prediction error (FPE), Schwartz information criterion (SC), Akaike information criterion (AIC) and Hannan-Quinn information criterion (HQ). Results are given in Table 3 .
Johansen cointegration test
In this paper, the Johansen test method (Johansen 1988; Johansen and Juselius 1990; Moore and Copeland 1995) is used to carry out the cointegration test, and results are shown in Table 4 . Under the assumption that the trace statistic is equal to 6.7905, the critical value is equal to 15.4947 at the 5% significance level. The trace statistic value is smaller than the 0.05 critical value, so it cannot reject the original hypothesis that there is no cointegration relationship. Thus, ''0'' in the first column denotes that the null hypothesis of a unit root is rejected at the 5% significance level. In other words, there is no long-term 
Granger causality tests of IC and RD
In order to know the price transmission mechanism between the two variables, the Granger causality test method (Granger 1969 (Granger , 1980 ) is used to test the causal relationship between variables. Results are shown in Table 5 . According to the data, there is significant unidirectional Granger influence of international crude oil prices on China's refined oil prices in the short run, while it is 2nd-order lag and the significance level is 10%.
Vector autoregressive models of IC and RD
The vector autoregressive (VAR) model (Christopher 1980) generalizes the univariate autoregressive model to the multivariate case. This provides beneficial features such as estimation of the dynamic interrelation between variables and indifference about the choice of dependent variables (Brahmasrene et al. 2014) . By applying the optimal model order, Table 6 presents the results of VAR estimates and model diagnostic tests. The results are as follows: R-squared IC = 0.9399, while R-squared RD = 0.9717; Adjusted R-squared IC = 0.9353, while Adjusted R-squared RD = 0.9695. The equations are fitted well, and the overall effect of the model is good.
From Eqs. (2) and (3), it can be seen that two variables are not only affected by their own lags, but also influence (2) for the international crude oil price vector autoregression that the international crude oil price is positively affected by its own 1 period lag term and the influence degree is 1.2300; the international crude oil price is negatively affected by its own 2 period lag term, and the influence degree is 0.1575. The 1 and 2 period lag terms of domestic refined oil variables have weak and negative impact on the international crude oil price, with respective effects of 0.0535 and 0.0496. Similarly, analytical results of Eq. (3) are obtained. Therefore, the international crude oil price is the primary factor that affects the price of China's refined oil, and the international crude oil price is negatively affected by China's refined oil price. The international crude oil price has a strong historical inheritance. On the other hand, China's refined oil price has weaker historical inheritance. In quantity, if the international crude oil price in the lag last period increased by 1%, the current crude oil price will increase by 1.23% and China's refined oil price will increase by 0.84%. It is suggested that a rise in the international crude oil price will increase the domestic refined oil price level, and the impact of international oil prices on their own is also very significant. Overall, the impact of the international crude oil price on China's refined oil price is greater than the impact of the latter on the former. The main reason is that the crude oil is a type of product located in the upstream of the refined oil industry chain (Zhang et al. 2015; Liu and Ma 2014) , and the direction of price transmission is mainly transmitted from the international crude oil price to the refined oil price in China. At the same time, the pricing mechanism of China's refined oil is not fully market-oriented and subject to the regulation by a government department. Therefore, there are time lags in terms of price changes.
Impulse response functions of IC and RD
The impulse response function is used to investigate the dynamic effects on the system when a variable is subjected to a certain impact (Xu and Lin 2016) . It can be used to analyze the time profile of effects of shocks on the future behavior of international crude oil prices and China's refined oil prices. Figure 2 presents the impulse response for international crude oil prices and China's refined oil prices from one-standard deviation.
According to the above analysis, international crude oil prices and domestic refined oil prices interact with each other in domestic and international crude oil market environments and in the process regulated by the National Development and Reform Commission. A change of the international crude oil price will affect China's refined oil price, and vice versa. In other words, the change of China's refined oil price may also give feedback to the international crude oil price. Therefore, after the establishment of the VAR model, the first step is to analyze the impulse response of China's refined oil price when the international crude oil price is subjected to a shock, results of which are shown in Fig. 2a . The second step is to analyze the impulse response of international crude oil price when China's refined oil price is subject to a shock, results of which are shown in Fig. 2b . Figure 2a shows the response of China's refined oil price to an international crude oil price shock. An international crude oil price shock has a significantly positive impact on China's refined oil price. The graph shows that the response of China's refined oil price to a shock in the international crude oil price starts to increase in the first month, and it reaches the maximum value of the impulse response in the fourth month, 7.11%, and then decreases gradually. Figure 2b displays the impulse response of the international crude oil price variable to China's refined oil price shock. The shock has a negative impact on China's refined oil price from the second month and then increases gradually in the negative direction.
It can be concluded through comparison of Fig. 2a and b that the impact of international crude oil price volatility on China's refined oil price is greater than the impact of China's refined oil price volatility on the international crude oil price.
Variance decomposition of IC and RD
Variance decomposition refers to the decomposition of a mean square error of a quantitative shock into the contribution of each variable in the system. Then their contributions are, respectively, calculated to further compute the proportion of their contributions in the total contribution to reflect the relative importance of each variable (Sørensen and Yosha 1998; Hoang and Hoxha 2015) . Table 7 presents results of variance decomposition. A period of ten months is selected to analyze the variance decomposition. Under Columns (3) and (4) in the first month, 100% of the variability in international crude oil price is explained by its own disruptions. In the subsequent prediction, the variance of the international crude oil price is gradually reduced by its own disruptions, and the part of the domestic refined oil price disruptions gradually increases, but the range is small. This shows that the forecast variance change of international crude oil prices is mainly caused by its own disruptions and the effect is lasting. During the ten months, the influence is generally great, with an average of 98.6%. However, the domestic refined oil price disruption also has a certain impact and the average value is 1.37%. Under Columns (7) and (8) in the first month, 93.8% of the variability in China's refined oil prices can be explained by its own disruptions and the part of the international crude oil price disruptions is 6.22%.
The variance decomposition of China's refined oil prices has a great change in the second month, of which 64.6% is attributed to international crude oil price changes, and 35.3% is attributed to its own disruptions. In the subsequent prediction, the variance of China's refined oil prices is greatly decreased by its own disruptions, while the part of the domestic refined oil price disruptions is gradually enhanced. The results illustrate that the price of refined oil in China is influenced greatly by the change of international crude oil prices. Results of the first and second months show that China's refined oil prices do not change with fluctuations of international crude oil prices, which indicates that the impact of international crude oil price on China's refined oil price is not timely. In this period, the international crude oil price has greater influence with an average of 77.8%, while the domestic refined oil price has a certain influence with the average of 22.2%. 
Conclusions and policy implications
This paper aims to investigate the transmission and feedback mechanism between international crude oil prices and China's refined oil prices for the time span from January 2011 to November 2015 by using the Granger causality test, a vector autoregression model, an impulse response function and variance decomposition methods. It is demonstrated that variation of international crude oil prices causes changes of domestic refined oil prices with a weak feedback effect. Secondly, international crude oil prices and domestic refined oil prices are affected by their lag terms from positive and negative directions in different degrees. Thirdly, an international crude oil price shock has a significant positive impact on domestic refined oil prices while the impulse response of the international crude oil price variable to the domestic refined oil price shock is negatively insignificant. Furthermore, international crude oil prices and domestic refined oil prices have strong historical inheritance. In addition, the international crude oil price is significantly affected by its own distributions. However, a domestic refined oil price shock has a slight impact on international crude oil price changes. The domestic refined oil price variance is mainly caused by international crude oil price distributions and slightly affected by its own distributions. When international crude oil prices change, domestic refined oil prices do not respond in a timely manner to the international crude oil price change, and there exists a time lag.
This study not only effectively complements existing research but also provides important suggestions for policy makers in China. Firstly, the ultimate goal of the refined oil price reform is to establish a market-oriented pricing mechanism in China. For instance, on January 3, 2016, the National Development and Reform Commission issued a report on the further improvement of the oil price formation mechanism to improve the refined oil pricing mechanism. The policy has a certain effect on the stability of national oil prices in the short term. However, for the long-term analysis, fundamentally it cannot solve the pricing problem of the refined oil market in China. Therefore, oil price reform must stick to the principle of integrating the international market price direction. Meanwhile, the establishment of an oil price formation mechanism not only reflects the change of oil prices in the international market but also takes many factors into consideration, such as the domestic market supply and demand, production costs and other social elements. Secondly, it is significant to promote the common development of the oil spot and future market actively. The future market is an open, centralized and unified market, and the oil future price can reflect the market supply and demand to the maximum extent. The development of oil future trading is significant for China, and thus participation in the pricing process of the international oil price is crucial in striving for oil pricing. Chinese enterprises can effectively avoid the risk of oil price fluctuation through oil future trading. Thirdly, the government should improve the system of petroleum reserves in China in the low-price environment, which would be helpful to solve the problem of domestic and international oil price inversion phenomenon and ensure national energy security. 
